Sixteen ts mutants were isolated from influenza virus type A0, strain WSN, after treatment with either fluorouracil or hydroxylamine. Cells doubly infected with several pairs of ts mutants yielded a high proportion of wild-type virus, probably because of genetic recombination. Recombination frequencies with particular pairs of mutants were very variable, even in replicate tubes of the same experiment, until infected cells were treated with receptor-destroying enzyme (RDE) after adsorption of virus. Day-to-day variation between experiments could not be eliminated, but was allowed for by including a standard cross in all experiments, and relating recombination frequencies to the values obtained in this cross. Standardized recombination frequencies were then reproducible and characteristic of each pair of mutants.
INTRODUCTION
The first evidence for genetic recombination with an animal virus was obtained with influenza (Burnet & Lind, I949) , and the extensive early work which followed has been reviewed by Kilbourne 0963) . Nearly all these investigations used pairs of naturallyoccurring strains of influenza virus differing in many properties, and some of the markers, such as virulence, were clearly polygenic. Recombination frequencies were usually abnormally high (Kilbourne, I963; Simpson, I964; Sugiura & Kilbourne, I966) with poor reproducibility, and gave no indication of orderly patterns which could constitute the basis of a genetic map. Single-step mutants derived from a single strain of virus were not used in these experiments and this partly explains why they are unsuitable for genetic analysis.
The most promising approach for the genetic analysis of animal viruses uses conditional-lethal temperature-sensitive (ts) mutants (Fenner, I969) . Preliminary observations with some ts mutants of influenza A strain WSN have been reported by Simpson & Hirst (I968) . This communication describes genetical experiments with another series of ts mutants of wsy; physiological characterization of the defects of several of these mutants will be reported elsewhere (J. S. Mackenzie & N. J. Dimmock, in preparation).
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AOS had been built in a warm room preset at 35 °, but no differences were detected in the yields after incubation at the two temperatures. Mutagen treatment. 5-fluorouracil (5-FU): CEF monolayers were infected with wsNp at a m.o.i, of 5 p.f.u./cell and incubated with 5 ml. of 5 mM 5-FU in HTL for I4hr at 3 I°. The medium was then removed and stored at -7 °° as a stock of mutagenized virus.
Hydroxylamine (HLA): The conditions used for HLA mutagenesis were similar to those described by Thiry (I963) for Newcastle disease virus, o'o5 ml. wsYp in allantoic fluid was diluted 8o-fold in I. 3 M-NaC1 and 2 M-hydroxylamine hydrochloride in o'25 M-phosphate buffer pH 7"5, and incubated at 37 ° for 2o rain. Virus treated with HLA was titrated in CEF monolayers immediately.
Screening procedure for ts mutants. Well-isolated plaques were picked after growth of mutagenized virus at 31 ° by removing the agar plug above a plaque. Each agar plug was stored overnight at 4 ° in gelatin saline to extract the virus, which was then inoculated on to 4 CEF monolayers. The monolayers were incubated at 33 ° (permissive temperature) and 39 ° (restrictive temperature). If plaques were only produced after growth at the permissive temperature, a plaque was picked and rescreened. Once again, if plaques were produced only after growth at the permissive temperature, a further plaque was picked, the virus extracted, and a stock prepared in the allantoic cavity of embryonated eggs. Stocks of putative mutants were assayed at the restrictive and permissive temperatures, and if the ratio of the efficiencies of plating at 39 and 33 ° (e.o.p. 39/33 °) did not exceed ~o -z'5, the stock was designated a mutant.
Fresh stocks of the mutants prepared by egg inoculation of the original stock virus were often found to be unsatisfactory because of overgrowth of the mutant by ts + (revertant) virus. To circumvent this problem, about 3o p.f.u, of the original stock of mutant virus were inoculated on to CEF monolayers, and the new stock prepared from a welMsolated plaque as before.
Temperature control. The incubation of infectivity assays at the restrictive temperature (39 °) was carried out in plastic boxes immersed in a water bath which was regulated by means of a Braun 'Thermomix' thermostat control unit. Temperatures were kept to within _+ o.o5 °. Standard air incubators were used for incubation at the permissive temperature.
Formulae and statistical procedures. Recombination frequencies were calculated as the per cent of wild-type (ts +) virus in the progeny from ABa~-(A + B)89 000) (I) ABaa Where ABa9 is the titre of the cross at the restrictive temperature, ABaa is the titre of the cross at the permissive temperature, and (A + B) is the sum of titres of the self-crosses at the restrictive temperature.
To obviate day-to-day variations (see below), recombination frequencies were standardized against a 'standard' cross (ts 7 x ts I3). This had been replicated many times to give a value (A,td) with which other recombination frequencies could be compared. The standardization procedure was (&td)_ (XBoxp) : (B~,~).
(XA.~o) 
RESULTS

isolation of ts mutants
Cloned wild-type virus (wsNp) was examined initially for its ability to produce plaques at temperatures ranging from 28 to 400 . The lowest and highest temperatures at which the maximum number of plaques was obtained were 33 and 39 ° respectively, which were therefore employed as the permissive and restrictive temperatures. Since the virus grew more slowly at the permissive temperatures, plaques were counted a day later than those at the restrictive temFerature.
No spontaneous mutants were detected among 4oo plaques of WSNp that were tested, so 5-fluorouracil (5-FU) and hydroxylamine (HLA) were used to induce ts mutations. The results of the screening tests after mutagen treatment are shown in Table ~ . The concentration of 5-FU and the time of exposure to HLA employed for mutagenesis were chosen to reduce the likelihood of is olating double or multiple mutants. A high proportion of the provisional ts mutants was found to be unsatisfactory for genetic study because they had an e.o.p. 39/33 ° of greater than ~o -2"~, or a high proportion of revertants after a single growth cycle in pieces of AOS. * Details of mutagenesis are given in Materials and Methods. 1 Loss in yield due to mutagenic activity was calculated relative to the yields in the absence of a mutagen.
~. Corresponds to the per cent ts isolations after the first screening passage. § Corresponds to the per cent ts isolates with sufficient penetrance and stability for genetic experiments.
!1 Mutants were numbered sequentially in order of isolation.
The e.o.p. 39/33 ° of wsNp varied between 0.8 and ~.3 in CEF monolayers, and because of the longer incubation period at the permissive temperature, no differences were found in the plaque sizes at the two temperatures. The original stocks of the mu- Table ~ all had an e.o.p. 39/33 ° ofless than io a.0. Different stocks of the same mutant had a different e.o.p, and only those stocks with an e.o.p, of Io -3"° or less were kept and used in genetic experiments. The mutants exhibited no 'leak plaques' under agar at the restrictive temperature, but they had a lower growth capacity than wsNp in embryonated eggs over several cycles of growth after inoculation with low multiplicities. They did not differ significantly from WSNp, however, either in their growth capacity over a single growth cycle at the permissive temperature in pieces of AOS at multiplicities of o.1 to io p.f.u./cell, or in the nature of their plaques.
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The yields of infectious virus from a single growth cycle in AGS were low, generally not more than z infectious particles per cell, and this combined with the small number of cells on each piece of AOS made it virtually impossible to calculate reversion frequencies for the mutant stocks. Thus little information could be obtained concerning the singularity of the mutant defects.
Effect of receptor destroying enzyme (RDE) on recombination.frequency
A number of preliminary two factor crosses were carried out between various pairs of mutants in the absence of RDE, but it was quickly apparent that recombination frequencies for any particular cross were unreproducible, varying in different experiments from I"9 to 77'7 % for cross ts 7 x ts 13, and from ~5"4 to 66"7 % for cross ts 7 x ts 1 I. A considerable variation was also found in the replicates within a single experiment. Despite an extensive investigation into factors which might affect the recombination frequency, such as input multiplicities, time of harvest, and culture conditions, satisfactory reproducibility was not obtained either within experiments (replicate crosses) or between experiments (mean recombination frequencies of identical crosses performed on different days). * Stage I was defined as after adsorption, but before the removal of unadsorbed virus by washing. t Stage z was defined as the period of incubation. + Experimental details are described in the text. § Five replicate samples of the cross under each set of conditions. iI Six replicate samples of the cross trader each set of conditions. N.D. = Not done.
It was found that variation within an experiment could be greatly reduced, and between replicate experiments was considerably reduced, by the use of RDE. The infected cells were treated with ioo units of RDE for 4o min. at 37 ° immediately after the adsorption period, but before washing (stage I), and a similar concentration of 68 J.s. MACKENZIE RDE was added to the growth medium (stage 2). The effect of RDE at these two stages can be seen in Table 2 . The most significant findings were the high degree of reproducibility of recombination frequencies between samples in each experiment when RDE was employed at both stages, and the concomitant general decrease in recombination frequencies. Table 3 shows the recombination frequencies obtained from cross ts 7 x ts 13 with equal input multiplicities of infectious particles. There was no significant difference between recombination frequencies with multiplicities of two or greater, but although the frequencies decreased with lower input multiplicities, they were higher than would be expected from the theoretical number of cells doubly infected, which suggested that both parent stocks contained a high proportion of non-infectious particles which were able to take part in genetic interactions. Unequal parental inputs gave variable and lower recombination frequencies.
Effect of input multiplicity on recombination frequencies
Recombination frequency at different intervals after infection
The recombination frequency at different time intervals after infection was examined for cross ts 7 x ts I3 at a m.o.i, of 2-5 for each mutant. Five replicate samples were withdrawn at frequent intervals over 2 4 hr and the mean frequencies of ts + recombinants plotted in terms of the total yields of infectious particles (Fig. I) . The highest yields of infectious particles were found 16 to 18 hr post infection at which time the greatest resolution could be attained in recombination assays. Recombinants were detected from 4 hr after infection, and the frequency remained constant throughout the growth cycle.
Phenotype of recombinant plaques
The percentage of recombinants in the yield from mixed infections after growth at the permissive temperature was calculated from the proportion of particles having the ability to initiate plaques at the restrictive temperature. The progeny of the plaques should, therefore, be genotypically similar to wsyp, unless the initial particle was a heterozygotic diploid. It was not possible to test the progeny from the plaques for their genetic homogeneity, but it was possible to test for their phenotypic characters. Thus
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69 the progeny from plaques initiated by a true recombinant should all be phenotypically wild-type, whereas the progeny from plaques initiated by a heterozygotic diploid should contain phenotypically mutant particles resulting from segregation, and possibly recombinants as well.
Several plaques were isolated from the restrictive temperature assays of two crosses, ts 7 x ts ~3 and ts Io x ts I8, the progeny from each plaque grown in pieces of AOS for 48 hr at the permissive temperature, and the yields assayed at the restrictive and permissive temperatures. Since no significant differences were detected between the plaque counts at the two temperatures, it was concluded that the majority of the plaques at the restrictive temperature in recombination assays were recombinants with the wsNp phenotype. A preliminary analysis of recombination frequencies from two-factor crosses. The mutants could be placed in one or more of five clusters with less than t % recombination within clusters, and greater than 1% between clusters. An asterisk indicates probable double mutants, of which ts I I and ts I9 can be located in more than one cluster. N.D. = Not done.
Preliminary grouping of mutants from recombination frequencies
> Z N
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The procedure for standardizing recombination frequencies
Although treatment of infected cells with RDE was a successful technique for obtaining reproducibility between recombination frequencies of replicate sarnples within each experiment, a day-to-day variation still occurred between mean recombination frequencies for the same cross in different experiments (Tables 2, 3) . However, the 6.24-1-6 13x18 Fig. 2 . The linear order and additivity of 5 mutants from different recombination clusters. The distances between the mutants were additive (Fig. 2 A) , except between the ' terminal' mutants (Fig. 2B) . 7 2 J.S. MACKENZIE ratios of mean recombination frequencies for any two crosses in an experiment were almost identical to the ratio of the same two crosses in other experiments, within experimental error. Thus by relating the recombination frequencies of crosses in each experiment to a 'standard cross' through the incorporation of the standard cross in 1.5-t-0"6 18xll Fig. 3 . The location of the mutants on a linear genetic map. Additive distances are shown in Fig. 3A , and non-additive distances in Fig. 3B . Cross ts 7 x ts I9 could be placed under either location for ts 19. a = no detectable recombination between mutants within each of these three clusters, with the exception of ts I8 x ts x9, which gave a low recombination frequency (o'6 %) in a single experiment.
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Influenza virus genetics L 73 each experiment, it was possible to obtain reproducible recombination frequencies between experiments. The standard cross employed in this procedure was ts 7 × ts I3, and the recombination frequency of the original standard, obtained from 2o replicate samples, was 4.62 + o-I2 at the 95 % confidence limits. A demonstration of the reproducibility resulting from this procedure is shown in Table 4 for crosses ts 7 × ts ~o and ts IO × ts I8.
The construction of a preliminal 3, genetic map
Having devised a system amenable to genetic analysis, a series of experiments was undertaken to determine the recombination frequencies of a number of pairwise crosses. The number of pieces of AOS available from a single egg was limited, and since 3 to 5 replicate samples were included for each cross, only a few crosses could be examined in each experiment. Each replicate sample was titrated twice or three times, and the mean and standard error of the percentage ts + in each cross were calculated and standardized against the standard cross, ts 7 × ts I3.
Preliminary analysis of the recombination frequencies suggested that the mutants could be grouped into at least five clusters, with recombination frequencies of greater than 1% between the clusters, and less than 1% within the clusters. These are shown in Table 5 . A number of mutants had to be located in more than one cluster, and were presumed to be double mutants.
On closer inspection, however, it was found that several mutants, including one from each cluster, could be ordered in a linear fashion in an unequivocal sequence, and this order was consistent in each experiment. Moreover, the distances between the mutants were additive, except for the distance between the terminal mutants, indicating the possibility of a linear genetic map. The order and additivity of these mutants are shown in Fig. 2 . Other mutants were included on this basic map, and again many of the distances were found to be additive within statistical limits (Fig. 3) . The sequences of the mutants were identical in each experiment both before and after standardization.
Recombination experiments were also performed in several other cell systems, using the same method as for the AOS system, including primary calf kidney cultures, primary monkey kidney cultures, primary chick embryo cultures, and a continuous line of potoroo kidney cells (obtained from Mr H. Daday, C.S.I.R.O., Canberra), but the recombination frequencies and mutant sequences were similar to those described above.
DISCUSSION
The factors influencing recombination frequency were examined in some detail because of the bizarre recombination results reported previously for influenza (Simpson & Hirst, I96I; Hirst, I962; Kilbourne, t963; Simpson, I964; Sugiura & Kilbourne, t966) , and because recombination has only been closely examined for one other animal virus containing RNA, poliovirus (Cooper, 1968) . The effect of RDE treatment in the recombination test was of critical importance in obtaining reproducibility and in reducing the level of recombination frequencies, but the experimental results gave no indication of its mode or site of activity.
Treatment of the cells with RDE immediately after the period of virus adsorption should prevent the attachment of unadsorbed or eluted virus particles by stripping off cell receptor sites (Fazekas de St. Groth, t948; Stone, I948), and the removal of adsorbed but unpenetrated particles, both of which could lead to asynchrony of repli-74 J.S. MACKENZIE cation if entering at a later stage. The presence of RDE during the growth cycle should prevent readsorption of early progeny particles, aid in the release of progeny particles (Cairns & Mason, D53) , and prevent the formation of clumps of progeny particles. However, RDE was necessary at both stages: it could not be replaced by hyperimrnune antiserum prepared against wsNp which might be expected to mimic RDE; and reproducible results were not obtained by the addition of RDE only at the end of the growth cycle.
Unlike previous reports (Simpson, ~964; Sugiura & Kilbourne, 1966) , no increase in the recombination frequency was found during the growth cycle, although samples were examined at regular intervals from the time of initial release to 24 hr after infection. This result suggests that recombination is an early event in the growth cycle, and that there is a single round of mating. A similar interpretation has been suggested for recombination between poliovirus ts mutants (Cooper, I968) .
The suggestion that high recombination frequencies were due to independentassortment of sub-genomic fragments put forward by Hirst 0962) has had considerable support from biophysical data with extracted viral RNA (Duesberg, I968 ; Pons & Hirst, 1968 a, b) , but the results presented in this paper suggest that the genome exists as a single molecule during replication. The theoretical maximum frequency of ts + progeny should be 25 % after independent-assortment, yet such a frequency was never encountered after treatment with RDE, even with high input multiplicities. Furthermore, additivity would not be expected with independent-assortment, but additivity was nearly always obtained in the analysis of all recombination experiments.
The correctness of the linear genetic map is subject to three qualifications: (a) the incomplete nature of the recombination matrix and the lack of sufficient ts mutants; (b) the lack of a second marker which would make three-factor crosses possible ; and (c) the dearth of information on the singularity of the mutants. Nevertheless, the selfconsistent nature of the map suggests that the increase in ts + progeny in pairwise crosses is a true reflection of recombination, and not due to independent-assortment. However, since the recombination frequencies were higher than would be expected in terms of the size of the viral genome (Hirst, t962), it is possible that some exchanges might occur with a higher probability than others, perhaps because independentassortment does in fact occur at a low and reproducible frequency. Another possibility, not excluded in these experiments, is that some of the 'recombinants' are in reality non-segregating heterodiploids. A second interpretation of the high recombination frequencies could be that multiple rounds of mating occur early in the growth cycle, followed promptly by encapsidation of the RNA (since the recombination frequency does not increase with time).
It is difficult to equate the results obtained in this study with the preliminary observations made by Simpson & Hirst 0968), partly because of differences in the techniques employed. Although they also described evidence for non-infectious but genetically-active particles, recombination frequencies were slightly higher and appeared to indicate the assortment of sub-genomie fragments.
There is good general correspondence between the genetic data and the physiological defects of the ts mutants (J. S. Mackenzie & N. J. Dimmock, in preparation).
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